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Among  legumes,  chickpea  (Cicer  arietinum  L.)  is  the  second  most  important  crop  after  soybean.  MicroR-
NAs  (miRNAs)  play  important  roles  by  regulating  target  gene  expression  important  for  plant  development
and  tolerance  to stress  conditions.  Additionally,  recently  discovered  phased  siRNAs  (phasiRNAs),  a  new
class of small  RNAs,  are abundantly  produced  in  legumes.  Nevertheless,  little  is  known  about  these  reg-
ulatory  molecules  in  chickpea.  The  small  RNA  population  was  sequenced  from  leaves  and  ﬂowers  of
chickpea  to identify  conserved  and  novel  miRNAs  as well  as phasiRNAs/phasiRNA  loci.  Bioinformatics
analysis  revealed  157  miRNA  loci  for  the  96 highly  conserved  and  known  miRNA  homologs  belonging
to  38  miRNA  families  in  chickpea.  Furthermore,  20  novel  miRNAs  belonging  to 17 miRNA  families  were
identiﬁed.  Sequence  analysis  revealed  approximately  60 phasiRNA  loci. Potential  target  genes  likely  to
′osttranscriptional gene regulation be regulated  by  these  miRNAs  were  predicted  and  some  were  conﬁrmed  by modiﬁed  5 RACE  assay.  Pre-
dicted  targets  are  mostly  transcription  factors  that  might  be important  for developmental  processes,  and
others include  superoxide  dismutases,  plantacyanin,  laccases  and  F-box  proteins  that could  participate
in  stress  responses  and  protein  degradation.  Overall,  this  study provides  an  inventory  of  miRNA–target
gene  interactions  for chickpea,  useful  for the  comparative  analysis  of  small  RNAs  among  legumes.
rs.  Pu© 2015  The  Autho
. Introduction
Leguminous plants are the second most important crops that
upply the human and animal diet. Small RNA analysis of Med-
cago truncatula and Glycine max  (soybean) was an important step
n identifying miRNAs in legumes [1–3]. Among legumes, chick-
ea (Cicer arietinum L.) is the second most important crop after
oybean and is largely cultivated as a rainfed crop in dry and semi-
ry regions. Given the nutritional and economic importance of this
 Chickpea small RNA dataset with accession ID GSE62216 have been deposited
t  GEO.
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icenses/by-nc-nd/4.0/).blished  by Elsevier  Ireland  Ltd.  This  is an  open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
global crop, the chickpea genome has recently been sequenced for
deeper insight into the gene content and organization [4,5].
Plant small RNA population comprises microRNAs (miRNAs),
transacting siRNAs (derived from non-coding transcripts targeted
by miRNAs and regulate the expression of mRNA targets), phased
small interfering RNAs (phasiRNAs) and heterochromatic siRNAs
and other endogenous small RNAs [6,7]. MicroRNAs are derived
from longer primary miRNA transcripts that are capable of adopting
hairpin-like structures. Such hairpin-like structures are recog-
nized by DCL-1 and other proteins such as HYL1, SE and releases
miRNA:miRNA*duplex (miRNA or the guide strand is functional
molecule whereas miRNA* or passenger strand represent the oppo-
site strand of the miRNA that is rapidly degraded). MicroRNA
functions by loading into an Argonaute protein, the effector com-
plex called as RNA-induced silencing complex [RISC] and guides the
target mRNA cleavage or inhibits protein synthesis from the target
mRNAs [6,7]. MicroRNAs in plants control seed, embryo, leaf, root
and ﬂower development as well as transition from juvenile, vegeta-
tive, and reproductive phases [6]. Plant miRNAs are also key players
 access article under the CC BY-NC-ND license (http://creativecommons.org/
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n acclimation to biotic and abiotic stress conditions [8,9]. Thus,
dentiﬁcation of miRNAs can shed light on post-transcriptional
ene regulation important for various aspects of chickpea devel-
pment and acclimation to stress conditions.
Higher land plants are known to possess at least 22 families
f highly conserved miRNAs and even more number of species-
peciﬁc miRNAs. The availability of a complete genome is critical for
dentifying miRNAs, particularly novel miRNAs. Recently, a compu-
ational approach was used to predict conserved miRNA homologs
n chickpea using the publicly available GSS and EST sequences of
hickpea [10]. This study predicted 20 miRNA families in chick-
ea including miR5287, miR845, miR539, miR5021, miR1533 and
iR414. While our manuscript was under preparation, Kohli et al.
11] reported cloning of miRNAs from chickpea but neither Kohli
t al. nor our study found homologs of these above mentioned miR-
As in chickpea. In addition to the miRNAs, legumes also produce
bundant quantities of phased siRNAs (phasiRNAs), a recently dis-
overed class of small RNAs that are processed from non-coding
nd protein-coding loci [3,12–14]. The production of phasiRNAs
s triggered by 22-nt miRNAs targeting transcripts. Some protein-
oding genes such as nucleotide binding site-leucine-rich repeat
NBS-LRR), MYB, transport inhibitor response 1 (TIR1), and Ca2+-
TPases generate phasiRNAs [14]. NBS-LRR genes have received
uch attention because of the vital roles they play in pathogen
ecognition and resistance. These NBS-LRR phasiRNAs may  be more
biquitous in legumes than non-legumes [3,12–14]. Identiﬁcation
f novel species-speciﬁc miRNAs and phasiRNAs requires a deep
equencing approach.
Our analysis of small RNA populations from leaves and ﬂowers
f chickpea (C. arietinum L.) was able to identify 60 miRNA families
38 conserved miRNA families represented by 96 miRNA homologs,
nd 17 novel miRNA families represented by 20 novel miRNAs).
dditionally, we identiﬁed 60 phasiRNA loci in chickpea. Potential
argets for the miRNAs were predicted by bioinformatics analysis.
′ RACE assays were used for validation of some of the miRNA target
enes in chickpea.
. Materials and methods
.1. Generation and sequencing of small RNA libraries
The chickpea (C. arietinum L.) genotype IC4958 was  grown
nder greenhouse conditions at the International Crops Research
nstitute for the Semi-Arid Tropics, Patancheru, India and the
eaves and ﬂowers from 8 to 9 week-old plants were sampled for
nalysis. Two different tissue sources will increase the ability to
dentify as many miRNAs as possible including tissue-speciﬁc ones.
ther reason is that the small RNA component is more diverse
particularly 24-nt small RNA population is more abundant) in
owers of other plant species (for example, Arabidopsis and rice),
nd we wish to explore whether or not this is the case in chickpea.
otal RNA was extracted from leaves and inﬂorescence by use
f Trizol reagent according to the manufacturer’s instructions,
nd small RNA libraries were constructed as described [15]. In
rief, total RNA was size-fractionated on denaturing PAGE gel for
.5 h, and small RNAs in the size range of 21–24 nucleotides were
solated. The isolated small RNAs were sequentially ligated with
′ and 5′ RNA adaptors using a T4 RNA ligase. The ligated products
ere then converted into cDNA by use of superscript II reverse
ranscriptase. A PCR reaction was carried out on the cDNAs and
he resulting PCR product with an expected size (93–96 bp) was
solated, puriﬁed and sequenced using Illumina GAII analyzer..2. Sequence analysis
Small RNAs were extracted after trimming the adapter
equences from the raw reads. Then the read counts werence 235 (2015) 46–57 47
established for unique small RNAs after removing redundant reads.
These unique small RNAs were mapped to ribosomal RNAs, transfer,
small nuclear, small nucleolar, RNAs were discarded by mapping
to Rfam database (https://www.sanger.ac.uk/resources/databases/
rfam.html) and those reads that were mapped to these different
RNA categories were discarded. Similarly, reads mapped to messen-
ger RNAs [by mapping to the annotated chickpea mRNAs (http://
www.icrisat.org/gt-bt/ICGGC/GenomeSequencing.htm)] were also
discarded. The ﬁltered small RNA sequences were searched against
the miRBase (www.mirbase.org) in order to identify homologs of
the conserved miRNAs in chickpea. The remaining unique reads
that could not be mapped to the above-mentioned RNA categories
but were mapped to the chickpea genome (http://www.icrisat.
org/gt-bt/ICGGC/GenomeSequencing.htm) were used to identify
novel miRNAs on the basis of sequencing of miRNA* coupled
with a predicted fold-back structure for their precursor sequence
extracted from the chickpea genome.
2.3. Small RNA blot analysis
Small RNA blot analysis was performed as described previously
[16]. Total RNA was  resolved on 12% denaturing polyacrylamide
gel and the RNA was  transferred to a Hybond-N+ membrane (GE).
The membranes were probed with a p32-labeled antisense oligonu-
cleotide corresponding to the miRNA sequence. After hybridization,
the membranes were exposed to phosphorscreen and scanned
using Typhoon laser scanner.
2.4. miRNA target prediction and validation using 5′ RACE assay
To predict target mRNAs, the transcripts were searched for
miRNA recognition sites by allowing for ≤3.5 number of mis-
matches [17]. In case of conserved miRNAs, the number of
mismatches were relaxed slightly. Some of the predicted targets
were validated using RLM-RACE assays [16]. Brieﬂy, RNA adapter
was ligated to the cleaved mRNAs that possess 5′ phosphate and
the ligated product was  ampliﬁed using a reverse-transcription
polymerase chain reaction. The resulting PCR products were cloned
and at least 10 independent clones were sequenced for each of the
target transcript to determine the cleavage at the predicted site.
2.5. PhasiRNAs/phasiRNA loci identiﬁcation
The unique small RNA reads were mapped to the genome and
cDNA sequences of chickpea using SOAP2 [18]. A recently devel-
oped pipeline [19] was  used to identify phasiRNA loci in chickpea
genome.
3. Results and discussion
3.1. Overview of small RNA population in leaves and ﬂowers of
chickpea
The small RNA libraries from two different tissues (leaves and
inﬂorescence/ﬂowers) of chickpea were generated and sequenced
by using the Illumina sequencer. These efforts yielded 13,491,628
and 25,259,578 reads from ﬂowers and leaves, respectively. The
reads were processed to extract small RNAs ranging from 18 to
29 nt, which resulted in 5,513,070 non-redundant reads (2,294,606
and 3,956,819 from ﬂowers and leaves, respectively) from both
the libraries (Table 1). The total small RNA read abundance versus
the size distribution analysis in leaves and ﬂowers revealed two
peaks corresponding to the 21- and 24-nt sizes (Fig. 1). The peak
for unique read abundance was  greater for the 24- than 21-
nt size, which suggests that the class comprises highly diverse
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Table 1
Summary of small RNA libraries analysis in chickpea.
Reads mapped to Flowers Leaves
Total reads Unique reads Total reads Unique reads
Non-coding RNAs 2,263,549 48,537 4,079,559 63,285
Conserved primary miRNA transcripts 690,461 7611 1,277,790 12,405
Messenger RNAs 857,407 94,565 1,500,531 153,333
Repeat elements 2,482,374 54,085 4,476,089 65,371
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(Chromosomes 8,495,149 
Total  13,491,628 
equences, whereas the 21-nt size class mostly contained redun-
ant sequences of miRNA homologs (Fig. 1).
On mapping small RNAs to various classes of RNAs, approxi-
ately 16% of the genome-matching unique reads in both libraries
ppeared to be degradation products from non-coding RNAs such
s rRNAs and tRNAs, which were discarded (Table 1). Furthermore,
mall RNAs that were mapped to repeat-rich regions (17.96%) were
emoved. The remaining unique reads were mapped to the miRBase
o identify “highly conserved” (conserved across all angiosperms
hat have been analyzed so far) and “known miRNAs” (mostly
ineage-speciﬁc miRNAs but also miRNAs known in some of the
lant species but not in all angiosperms) in chickpea. This analysis
ed to the identiﬁcation of 96 miRNA homologs that can be grouped
nto 38 miRNA families (Table 2). These 96 miRNA homologs are
ikely derived from 157 miRNA loci in chickpea. Further we  iden-
iﬁed 20 novel miRNAs forming 17 families that were supported
y miRNA* sequences in small RNA libraries along with fold-back
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ig. 1. Length distribution and abundance of small RNAs in chickpea leaves and ﬂowers. A
a)  and leaves (b) plotted using total small RNA reads and unique reads.1,471,107 15,377,289 2,394,242
2,294,606 25,259,578 3,956,819
structure predictions for these genomic loci. Sequence analysis of
phasiRNAs in our small RNA population led to the discovery of
approximately 60 phasiRNA loci in chickpea.
3.2. MicroRNA loci and their expression in leaves and ﬂowers of
chickpea
The highly conserved miRNA families showed signiﬁcant size
variation in terms of number of loci in chickpea. Of the highly con-
served miRNA families, 19 families were represented by multiple
loci and the remaining four families (miR168, miR394, miR397 and
miR408) had just one locus in the chickpea genome (Fig. 2). Of the
conserved miRNAs with multiple loci, the miR156 family had the
most number of loci (17 loci), followed by the miR169 family (15
loci) and miR399 (13 loci), and both miR171 and miR172 had 10 loci
each (Fig. 2). By contrast with the conserved miRNA loci, only two
Unique small  RNA s
 29 18  19  20  21 22 23 24  25 26 27 28 29  nt
hickpea l eav es
Uniqu e smal l RNAs
29 18  19  20 21  22 23  24 25 26  27 28  29 nt
ickpea  flo wer s
bundance of each size class of small RNAs based on nucleotide (nt) length in ﬂowers
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Table  2
Conserved and known miRNAs and their read counts (total and normalized) in leaves and ﬂowers of chickpea. A few miRNAs whose miRNA* are greater in abundances than
their  corresponding miRNAs are highlighted. (Normalized abundance is denoted as RPTM: reads per 10 million small RNAs.).
miRNA Sequence Flowers Normalized (RPTM) Leaves Normalized (RPTM)
miR156a(4 loci) UGACAGAAGAGAGUGAGCAC 73,481 54,464 130,194 51,542
miR156b(7 loci) UUGACAGAAGAUAGAGAGCAC 40,758 30,210 70,032 27,725
miR156c UUGACAGAAGAGAAUGAGCAC 3584 2656 6543 2590
miR156d UUGACAGAAGAGAGAGAGCAC 1517 1124 2506 992
miR156e UUGACAGAAGAUAGAGUGCAC 38 28 57 23
miR156f UGACAGAAUAGAAUGAGCAC 4 3 3 1
miR156h UGACAGAUAGAAAGUGAGCA 1 1 0 0
miR156i UGACAGAAGAGAGAGAGCAC 124 92 197 78
miR159a(2 loci) UUUGGAUUGAAGGGAGCUCUA 2736 2028 5340 2114
miR159c UUGGACUGAAGGGAGCUC 10 7 26 10
miR159d UGGACUGAAGGGGAGCUCCUUC 7 5 13 5
miR159e UGGACUGAAGGGAGCUCCUUC 17 13 17 7
miR159f-2 UUGGACUGAAGGGGCCUCUU 67 50 123 49
miR160a UGCCUGGCUCCCUGAAUGCCA 14 10 12 5
miR160b(3 loci) UGCCUGGCUCCCUGUAUGCCA 494 366 825 327
miR162a UCGAUAAACCUCUGCAUCCGG 73 54 136 54
miR162b UCGAUAAACCUCUGCAUCCAG 42 31 64 25
miR164a UGGAAAAGUGGAGCACGUGCA 40 30 57 23
miR164b UGGAGAAGCAGGGCACAUGCU 8 6 8 3
miR164c (3 loci) UGGAGAAGCAGGGCACGUGCA 33,978 25,185 59,602 23,596
miR164d UGGAGAAGCAGGACACGUGCA 304 225 480 190
miR166a (5 loci) UCGGACCAGGCUUCAUUCCCC 80,211 59,452 151,125 59,829
miR166d (4 loci) UCGGACCAGGCUUCAUUCCUC 6130 4544 11,463 4538
miR166e UCGGACCAGGCUUCAUUCCCG 8071 5982 15,510 6140
miR166f UCGGACCAGACUUCAUUCCCC 38 28 63 25
miR167a UGAAGCUGCCAGCAUGAUCU 249 185 475 188
miR167b UGAAGCUGCCAGCAUGAUCUA 1347 998 2779 1100
miR167c UGAAGCUGCCAGCAUGAUCUAA 2658 1970 5060 2003
miR167d (2 loci) UGAAGCUGCCAGCAUGAUCUGA 4159 3083 7636 3023
miR167e UGAAGCUGCCAGCAUGAUCUUA 1056 783 1907 755
miR167f UGAAACAGCCGCAUGAUCUAA 0 0 3 1
miR167g UGAAGUUGCCGCAUGAUCUAU 2 1 3 1
miR168 UCGCUUGGUGCAGGUCGGGAA 5343 3960 10,375 4107
miR169a (5 loci) CAGCCAAGGAUGACUUGCCGG 977 724 1723 682
miR169b UAAGCCAAGGAUGACUUGCCUA 2 1 11 4
miR169d UAGCCAAGGAUGACUUGCCUA 7 5 16 6
miR169e (4 loci) CAGCCAAGGGUGAUUUGCCGG 0 0 2 1
miR169f UGAGCCAGGGAUGACUUGCCG 6 4 5 2
miR169g UGAGCCAGGAUGACUUGCCGG 15 11 19 8
miR169h AAGCCAAAGAUGACUUGCCGA 0 0 3 1
miR169i AGCCAAGGAUGACUUGCCGG 53 39 105 42
miR171a (5 loci) UGAUUGAGCCGUGCCAAUAUC 362 268 653 259
miR171b UUGAGCCGCGUCAAUAUCUCG 565 419 1082 428
miR171c UUGAGCCGCGUCAAUAUCUUG 44 33 104 41
miR171d UUGAGCCGUGCCAAUAUCAC 23 17 27 11
miR171e UUGAGCCGCGCCAAUAUCACU 4 3 7 3
miR171f UGAUUGAGUCACGCCAAUAUC 6 4 2 1
miR172a (2 loci) AGAAUCUUGAUGAUGCUGCA 626 464 1152 456
miR172b (5 loci) AGAAUCUUGAUGAUGCUGCAU 103,280 76,551 184,900 73,200
miR172c CGAAUCCUGAUGAUGCUGCAG 13 10 42 17
miR172d UGAAUCUUGAUGAUGCUGCA 21 16 43 17
miR172e UGAAUCUUGAUGAUGCUACAU 1 1 2 1
miR319a AGAGCUUUCUUCGGUCCACUC 263 195 459 182
miR319b (2 loci) UUGGACUGAAGGGAGCUCCCU 58 43 112 44
miR319c UUGGACUGAAGGGAGCUCCC 63 47 130 51
miR390a (2 loci) AAGCUCAGGAGGGAUAGCGCC 139 103 257 102
miR390b AAGCUCGGGAGGGAUAGCGCC 355 263 733 290
miR393a (2 loci) UCCAAAGGGAUCGCAUUGAUCC 21 16 32 13
miR393b UCCAAAAGGAUAGCAUGAUCC 2 1 0 0
miR394a (4 loci) UUGGCAUUCUGUCCACCUCC 272 202 559 221
miR395a (3 loci) UGAAGUGUUUGGGGGAACUCU 2 1 4 2
miR395b (3 loci) UGAAGUGUUUGGGGGAACUC 0 0 2 1
miR395c UGAAGUGUUUGGGGGAACAC 0 0 1 0
miR396a UUCCACAGCUUUCUUGAACUU 1437 1065 2610 1033
miR396a* GCUCAAGAAAGCUGUGGGAGA 5750 4262 10,992 4352
miR396b UUCCACAGCUUUCUUGAACUG 716 531 1216 481
miR397 UCAUUGAGUGCAGCGUUGAUG 110 82 185 73
miR398a UUGUGUUCUCAGGUCACCCCU 15 11 22 9
miR398a* GAGUGAAUCUUAGAACACAAGA 51 38 102 40
miR398b (2 loci) UGUGUUCUCAGGUCGCCCCUG 15 11 23 9
miR399a UGCCAAAGGAGAGUUGUCCUG 0 0 3 1
miR399b UGCCAAAGGAGAUUUGCCCUG 2 1 1 0
miR399c (2 loci) UGCCAAAGGAGAGCUGCCCUG 4 3 4 2
miR399d (2 loci) UGCCAAAGGAGAUUUGCCCAG 20 15 26 10
miR399e UGCCAAAGGAGAUUUGCUCAG 2 1 3 1
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Table 2 (Continued)
miRNA Sequence Flowers Normalized (RPTM) Leaves Normalized (RPTM)
miR399h (4 loci) UGCCAAAGGAGAGUUGCCCUG 7 5 13 5
miR399i UGCCAAAGAAGAUUUGCCCCG 18 13 38 15
miR399j UGCCAAAGGAGAGCUGCUCUU 0 0 2 1
miR408 AUGCACUGCCUCUUCCCUGGC 303 225 464 184
miR408* CAGGGAACAGGCUGAGCAUGG 1081 801 1783 706
miR482 UUACCAAUUCCGCCCAUUCCUA 34 25 63 25
miR530 AGGUGCAGAUGUAUAUGCAGG 33 24 46 18
miR828 UCUUGCUCAAAUGAGUAUUCCA 0 0 10 4
miR1507 UUUCAUUCCAUACAUCGUCUAA 174 129 303 120
miR1509 UUAAUCAGGGAAAUCACAGUUG 903 669 1454 576
miR1511 AACCAGGCUCUGAUACCAUGA 1500 1112 2767 1095
miR1514 UUCAUUUUUAAAAUAGGCAUUG 330 245 580 230
miR2111a GUCCUCGGAAUGCAGAUUAUC 72 53 124 49
miR2111b (5 loci) UAAUCUGCAUCCUGAGGUUUA 61 45 89 35
miR2111c UAAUCUGCAUCCUGAGGUGUA 3 2 1 0
miR2118 UUACCGAUUCCACCCAUUCCUA 1829 1356 3133 1240
miR2199 UGAUACACUAGCACGGAUCAC 903 669 1653 654
miR4376 UACGCAGGAGAGAUGAUGCCA 116 86 223 88
miR4416 UACAUGUCGCUCUCACCUGGA 366 271 591 234
miR5213-5p UACGGGUGUCUUCACCUCUGA 817 606 1557 616
miR5234a (3 loci) UUGUUGUGGAUGGCAGAAGAU 2 1 4 2
miR5234b (2 loci) UGGUUUUGUUGUGGAUGGCAG 17 13 41 16
miR5770 UUAGAACUAUGGUUUGGACAA 15 11 38 15
miR4414a-3p AACCAACGAUGCAGGAGCUGC 265 196 437 173
TAS3a.D8(+) UUCUUGACCUUGUAAGACCUU 50 37 80 32
5 
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tTAS3a.D7(+) UUCUUGACCUUGUAAGACCUC 25
TAS3a D5(+) UUUUUGCUUUUGUGGAAGACA 152
iRNA families (miR2111 and miR5234) that belong to the “known
iRNAs” had multiple loci (Table 3).
Because small RNAs were sequenced independently from leaves
nd ﬂowers, the differences in miRNA abundance between these
wo tissues can be gauged. However, the normalized abundance
f miR156, miR166, miR159, miR160, miR164, miR166, miR167,
iR172 and miR396 revealed only minor differences between
eaves and ﬂowers (Table 2). These results were further conﬁrmed
sing small RNA blot analysis of most of the conserved miRNA fam-
lies (Fig. 3). Interestingly, the most abundantly expressed miRNA
amilies had similar levels between leaves and ﬂowers (i.e., most
bundantly expressed family in leaves was also the most abun-
antly expressed miRNA family in ﬂowers and vice versa). The
op most abundantly expressed miRNA families included miR156,
Fig. 2. Conserved miRNA fa189 432 171
1127 2720 1077
miR172, miR166 and miR164 in both tissues. Of note, miR6300
(annotated in miRBase) is represented by two isoforms (miR6300a
and miR6300b) in chickpea. In ﬂowers and leaves, miR6300 was  the
most abundantly expressed family with frequencies of 151,282 and
150,857 (reads per ten million-RPTM) in ﬂowers and leaves, respec-
tively for miR6300a, and 15,992 and 15,781 (RPTM), respectively,
for miR6300b. However, the annotated miR6300 (from soybean) is
ambiguous and needs experimental conﬁrmation. Thus, we did not
include these sequences in our list of miRNAs in chickpea. Sim-
ilarly we found the miR405 homolog of Arabidopsis in chickpea
libraries, but the annotation in Arabidopsis is still questionable, so
we disregarded the annotation of this sequence in chickpea.
The abundance of several “highly conserved miRNA” families
such as miR393, miR395, miR398, miR399, and “known miRNAs”
mily size in chickpea.
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Table  3
Identiﬁed novel miRNAs and their normalized abundances in leaves and ﬂowers of chickpea.
Novel Family miRNA#id miRNA sequence Flowers Normalized
(RPTM)
Leaf Normalized
(RPTM)
miRNA* sequence
CauN#1 CauN#1 UUGUAUUUAUAUUACACAUGC 26 19 35 14 AUGUGUAAUAUAGAUGCAAAA
CauN#2 CauN#2 ACGACUGUUACAUCAUACAAC 29 21 73 29 UGUAUGGUGCAACAGUCGCAG
CauN#3 CauN#3 UAAAAUGGAAACAGCAGGAAA 19 14 14 6 UUCUGCUGUUUCCAUUUUAGC
CauN#4 CauN#4 UAACUAUUGCAGAAGAUCUAA 39 29 56 22 UAGAUCUUCUGCAAUAGUCAU
CauN#5 CauN#5 UAGCGACACGGAACGUCCAAC 5 4 11 4 UGGACGCUCCGUGCCACUAUC
CauN#6 CauN#6 UGAGGGAAGGUAUGGUUCCAC 29 21 35 14 GUAACCAUACCUUCUCUUAU
CauN#7 CauN#7 UGUUCCUCUUAUUUUAGCUGA 9 7 18 7 ACUAAAAUAAAGGGAUCAAA
CauN#8 CauN#8 UCAACCGGCAUCACAGCCAAC 333 247 589 233 UGGCUGUGAUGCCGGUUGAGG
CauN#9 CauN#9 UCCACUGAGGAAGAAGAAGCC 1446 1072 2734 1082 CUUCUUCUUCUUCAGUGGAUG
CauN#10 CauN#10 CUGUAGCAUCACUAUAGCCGC 21 16 37 15 GGCUAUAGUGGCGCUAUAGCG
CauN#11 CauN#11 GAAAUUGUAGUACUUUGUGAGGGC 22 16 41 16 CCUCACAAAAGACUACAAUUUCAG
CauN#12 CauN#12 UUUGUGAGUAGACCAAACCAAA 216 160 461 183 UUGGCUUGGUCUAUUGCAAAC
CauN#13 CauN#13a, b (2 loci) UUCAGGUUUGUGAGAAAGGCU 15 11 33 13 CUUUCUCACAAACCUGAACAC
CauN#14 CauN#14a CAAGAUUAUUAUAUAUAUCUUG 56 42 101 40 AGAUAUAUAUGAUUGUCUUAAG
CauN#14b CAAGAUUAUUGUAUAUAUCUUG 101 75 203 80 AGAUAUAUAUGAUUGUCUUAAG
CauN#15 CauN#15 UAGAAUUAGACAUAAAAGCAGAU 19 14 47 19 UGCUUGUGUCUGAUUCUAAA
697 
996 
s
e
a
s
lCauN#16 CauN#16a, b (2 loci) UUUUUGUAGUGUAUAUCCCAAA 2
CauN#17 CauN#17 AAGGGUCUGUUUGAGAGAAGUGGU 5
uch as miR5234, miR5770 and miR828 was low both in ﬂow-
rs and leaves. miR395 and miR399 are induced during sulphate-
nd phosphate-deprived conditions, respectively in diverse plant
pecies [2,20–22]. Similarly, miR393 and miR398 expression is also
ow in several plant species.
Fig. 3. Small RNA blot analysis of conserved m1999 5453 2159 UGGUUGUAUACUACAAAAAUA
4444 10,870 4303 CACUUUUUUCAAACAGUCCCCGAG
3.3. Differential expression of conserved miRNA isoforms or
variants in chickpea
Most conserved miRNA families originate from multiple loci,
and often their sequences slightly differ by 1 or 2 nt within the
iRNAs in ﬂowers and leaves of chickpea.
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anonical 21-nt sequence generating miRNA isoforms. As well,
iRNA variants or isoforms occur from processing differences
t their 5′ or 3′ ends that result in the addition or deletion of
ucleotides. Investigating such incidences revealed the abundance
f individual miRNAs within a family and within a tissue can be sim-
lar as well as distinct. For instance, the miR172e is barely detected
n leaves and ﬂowers whereas miR172b normalized frequencies
anged between 73,200 and 76,551 RPTM, respectively in ﬂowers
nd leaves (Table 2). Similarly, the miR156 family is represented by
ight miRNA isoforms, all of which showed distinct expression in
hickpea (Table 2); miR156a is the most highly expressed, with
pproximately similar abundance in ﬂowers and leaves (54,464
nd 51,542 RPTM, respectively), followed by miR156b (30,210 and
7,725 RPTM, respectively); miR156c and miR156d have moderate
bundance (2500–1000 RPTM), but miR156f and miR156h were
arely expressed (Table 2). Similarly, of the eight miR169 isoforms,
iR169a had greatest abundance, whereas the levels of the remain-
ng seven isoforms (miR169b, d, e, f, g, h and i) was very low both in
eaves and ﬂowers. miR172 has ﬁve isoforms and only miR172b
with ﬁve loci in the genome) is highly expressed, followed by
iR172a. miR172 targets AP2 factors that play an important role
n ﬂower development in Arabidopsis [23]. A high abundance of
iR172 in chickpea ﬂowers suggests a similar role as in Arabidopsis.
urprisingly, miR172 abundances in leaves are as high as in ﬂowers
Table 2 and Fig. 3) suggesting that miR172 may  be critical for nor-
al  ﬂower development and other unidentiﬁed processes in leaves.
he differential expression of family members likely ﬁne-tunes tar-
eted mRNA expression in a tissue- or cell-speciﬁc manner.miR828
omologs have been reported from various dicot species and a few
ymnosperms (spruce and pine) (miRBase). In chickpea, miR828
evels were extremely low (4 RPTM) in ﬂowers and could not be
etected in leaves (Table 2). The 22-nt miR828 in Arabidopsis guides
AS4 transcript cleavage and triggers the production of trans-acting
mall interfering RNAs (tasiRNAs) [24–26]. A few other miRNA fam-
lies also represented by 21-nt and 22-nt isoforms. For instance,
hree of the miR167 family (miR167c, d and e) are 22 nt and their
xpression was greater than the 21-nt isoforms (Table 2). Similarly,
ne of the miR169 isoforms (miR169b) is also 22 nt. The central
eature of these 22-nt long miRNAs is that they trigger secondary
iRNA biogenesis at the target locus [21,22]. Determining whether
hese 22-nt miRNAs can generate secondary siRNAs in chickpea
eeds further study.
Hu et al. [10] predicted miR5287, miR845, miR539, miR5021,
iR1533 and miR414 as miRNAs in chickpea. However, the present
tudy and an earlier study [11] did not ﬁnd homologs of these miR-
As in the sequenced small RNA libraries of chickpea suggesting
hat these may  not be miRNAs.
.4. Greater abundance of miRNA* species relative to their
iRNAs in chickpea
miRNA biogenesis produces equal abundance of the 5′and 3′
ragments (one being miRNA that mostly begins with U and
as weak base-pairing at its 5′ end and the other being the
iRNA* strand) from the miRNA precursor transcripts. Of these
iRNA:miRNA*duplexes, miRNA* sequences are less stable and
on-functional as compared with the miRNA that is stabilized
hen loaded into the RISC complex and regulates the expression
f RNA targets. Remarkably, some miRNA* species accumulate to
etectable levels and even silence the target mRNAs [27–29]. For
nstance, in Arabidopsis, a SNARE gene is targeted by miR393* [30]
nd a Su (VAR)-3-9 homolog8 [31] is targeted by miR171*. Likewise,
iR169* targets BCP1 transcripts in M.  truncatula [32]. We  found
hat miRNA* species corresponding to miR396, miR398 and miR408
ere at least threefold more abundant than their miRNA counter-
arts (Table 2 and Fig. S2). Intriguingly, a recent study also foundnce 235 (2015) 46–57
greater expression of miR408* than miR408 in sacred lotus [29].
Further studies will reveal whether these miRNA* molecules have
gene-regulatory functions in chickpea.
Supplementary Fig. S2 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.plantsci.2015.03.002.
3.5. Novel miRNAs in chickpea
Besides the conserved miRNAs, plant species generate novel
miRNAs that are species- or lineage-speciﬁc. Sequencing miRNA*
sequences along with the predicted hairpin-like structure for pri-
mary miRNA transcripts is essential for annotating novel miRNAs
in plants [33]. By strictly adhering to these criteria, we identiﬁed
20 novel miRNAs representing 17 novel miRNA families in chick-
pea (Table 3; Fig. S1). Of the three novel miRNA families (CauN#13,
CauN#14 and CauN#16) with two  loci each, only Cau#14 is repre-
sented by two  isoforms (CauN#14 a and CauN#14b) that differed at
position 11 from the 5′ end of the miRNA (Table 3). Most of the novel
miRNAs had low expression, but some of the novel miRNA levels
were comparable to that for conserved miRNAs that are expressed
at moderate levels. For instance, CauN#9 had 1082 and 1072 RPTM
in leaves and ﬂowers, respectively, and CauN#16 had 2159 and
1999 RPTM, respectively (Table 3). The very high level expression
of some of the novel miRNAs implies that they may  have critical
roles in chickpea development or other physiological processes.
Conserved miRNAs are thought to be critically important for various
developmental processes, whereas the recently evolved or evolving
novel miRNAs could be important for species-speciﬁc gene regula-
tory functions [34,35].
Supplementary Fig. S1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.plantsci.2015.03.002.
3.6. MicroRNA diversity in chickpea versus other legumes
Leguminous plants appear to have evolved lineage-speciﬁc miR-
NAs. Nevertheless, earlier studies revealed that not all of those
miRNAs are present in all legumes investigated so far. Scrutiny of
miRNAs in chickpea revealed that some of the miRNAs present in
other legumes are absent in chickpea or vice versa. For instance,
miR828 was  reported only from soybean (miRBase) but not from
any other legume. We  found miR828 in chickpea (Table 2). Most
importantly, miRNA homologs such as miR1507, 1508, 1509, 1510,
1512, 1514, 1520, 1521, 2086, 2109, 2119, 2199, 4414, 5213,
5232, 5234 and 5770 were mostly found in legumes such as
M. truncatula,  G. max, G. soja, Lotus japonicus, Phaseolus vulgaris,
Vigna unguiculata, and Acacia auriculiformis (miRBase) (Table 4).
Of these miRNAs, 1507, 1509, 1514, 2199, 4414, 5213, 5232, 5234
and 5770 were found in chickpea (Table 2). A recent study [11]
have found miR2111, miR2118, miR5213 and miR5232 in chick-
pea and the authors report them as legume-speciﬁc miRNAs. We
found all of these four miRNAs, except miR5232 in our small
RNA libraries. However it is of note that miR2111 and miR2118
were not only found in legumes but also in plant species other
than the legumes. For instance, miR2111 in Arabidopsis thaliana,
A. lyrata,  Brassica napus,  Vitis vinifera, Populus trichocarpa, Cucumis
melo, Malus domestica and Manihot esculenta, whereas miR2118
in rice, maize, sorghum, apple, Brachypodium and Aegilops tauschii
were reported (www.miRBase.com) suggesting that miR2111 and
miR2118 are not speciﬁc to legumes. Our small RNA analysis is not
comprehensive and was  limited to two  tissue sources; therefore,
analysis of small RNA populations in other tissues and under biotic
and abiotic stress conditions could reveal whether other miRNAs
mostly found in legumes are also expressed in chickpea.
S. Srivastava et al. / Plant Scie
Table  4
Distribution of potential legume-speciﬁc miRNAs in chickpea.
miRNA id# Mtr Gma Cau Other legumes
1507 Lja, Vun
1508 Gso
1509 Gso
1510 Gso
1512
1514 Pvu
1520
1521
2086 Acacia Sps
2109 Gso
2199
4414
5213
5232
5234
5770
Cau, Cicer aurietinum; Gma, Glycine max; Gso, Glycine sojae; Lja,  Lotus japonicus; Mtr,
Medicago truncatula; Pvu, Phaseoulus vulgaris; Vun, Vigna unguiculata.
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oig. 4. TAS3 loci and predicted targets of tasiRNAs in chickpea. (a) The nucleotide sequ
iR390 complementary sites, respectively. The regions of upper case nucleotides are ma
ranscripts. (c) The 3′ miR390 binding sites on TAS3 transcripts. (d) The mature tasiRNAs th
nd  phase score of TAS3a. The black and red diamonds represent the number of 21 nt lon
xis,  in the ﬂower and leaf small RNA libraries, respectively. The vertical gray lines with
cores  of the PHAS loci. The yellow boxes in the read distribution panel represent the miR
f  the references to color in this ﬁgure legend, the reader is referred to the web version once 235 (2015) 46–57 53
3.7. Trans-acting small interfering RNAs in chickpea
TasiRNAs are derived from TAS transcripts as a result of
miRNA-guided cleavage on the target transcripts. TasiRNAs can
determine leaf patterning and adaxial–abaxial polarity in Ara-
bidopsis [36,37]. The most conserved TAS gene in plants is
TAS3-tasiRNA, which is targeted by miR390. Two variants or iso-
forms of miR390 are present in chickpea; miR390a (two loci) and
miR390b. TAS3-siRNA targeting auxin response factors (ARFs) were
recovered in both tissue libraries of chickpea (Fig. 4 and Table 5).
TAS3-derived tasiRNA targets ARF2, 3 and 4, the transcription
factors involved in auxin response, and hence inﬂuences many
developmental traits.
3.8. phasiRNAs
The 22-nt miRNAs (miR1507, 1508, 1509, 1510, 1514, 2109,
2119, 2199 and miR472/miR482/miR2118) function in triggering
the 21-nt phasiRNA biogenesis at the target loci once the tar-
get transcript is cleaved [3,12,13]. Some of these phasiRNAs in
turn could regulate speciﬁc targets, like tasiRNAs [12]. Remark-
ably, several of these 22-nt miRNAs (miR1507, miR1509, miR1514,
miR482 and miR2118) have been found and were expressed at
ences of the two TAS3 loci in chickpea. The blue and purple regions are 5′ and 3′
ture tasiRNAs that target ARF transcripts (b) The 5′ miR390 binding sites on TAS3
at target ARF family members derived from TAS3a/b loci. (e) The reads distribution
g reads, vertical axis, that appeared at the position of the phasi loci and horizontal
 distances of 21 nt are the phased positions from the position with highest phase
390 complementary sites. (f) The predicted targets of tasiRNAs. (For interpretation
f this article.)
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Table 5
Summary of predicted miRNA targets in chickpea.
miRNA family Target gene family Number of genes
miR156/157 Squamosa promoter-binding proteins 10
miR159/319 MYB transcription factors 2
miR159/319 TCP transcription factors 3
miR160 Auxin Response factors 3
miR162 Dicer Like protein 1
miR164 NAC domain protein 4
miR165/166 Homeo domain-Zip transcription factors 4
miR167 Auxin response factors 3 (4)
miR168 Argonautes 2
miR169 HAP2/NFY transcription factors 3
miR170/171 Scarecrow-like transcription factors 2
miR172 AP2 domain transcription factors 2
miR390/391 TAS3-primary transcripts 2
miR393 F-Box protein 1
miR394 F-Box protein 1 (4)
miR395 ATP sulfurylases 2
miR395 sulfate transporters 2
miR396 Growth regulating factors 4
miR397 Laccases 9
miR398 Cu/Zn superoxide dismutases (CSD) 3
miR398 Copper chaperone for the CSD 1
miR399 Phosphate transporter 1 (4.5)
miR399 Ubiquitin-conjugating enzymes (E2 ligase) 2
miR408 Plantacyanins 2
miR1507 NBS-LRR disease resistance proteins 8 (2 of them with 4 mismatches)
miR1511 Ca 19634-unannotated protein 1
miR1514 bZIP transcription factor, PPR protein, neuroblastoma-related protein, exocyst complex protein 1 each
miR2111 JmjC-domain containing protein, Kelch-like repeat containing protein, neuroblastoma-related
protein, and receptor-like protein kinase and a protein phosphatase
1 each
miR2118 NBS-LRR disease resistance proteins 2
miR5213-5p Methyl transferase-like protein, mitochondrial Rho GTPase, TIR-NBS-LRR disease resistance
protein
1 each
miR5234b Lin-like protein 1
miR5770 Amine oxidase and ATP-dependent RNA helicase 1 each
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umber in parenthesis indicates if mismatches in target complementary sites exce
oderate levels in the tissues analyzed in chickpea. Some (miR1507
nd miR2118 have been predicted to target 7 and 2 NBS-LRR
enes, respectively) of these were predicted to target NBS-LRR
enes (Table 4). The normalized abundance of miR2118 in chick-
ea was greater than that for other miRNA families of this class
Table 2).
The phylogenetic distribution of miR2118/miR482/miR472
iRNAs is highly variable among different plant species. miR2118
s present in Gingko and Norway spruce (gymnosperms), which
uggests an early evolution and ancient regulatory mechanism of
hese phasiRNAs in plants [3]. Both miR2118 and miR482, but not
iR472, have been found in chickpea (Table 2). The identiﬁcation
f the 482/2118 family and their target sites on NBS-LRR transcripts
n chickpea suggests that their interaction could generate phasiR-
As from their RNA targets. At least one such Phas-NBS-LRR locus
Phas ca-6-1; Tables S1 and S2) targeted by miR2118 was found
n chickpea. There may  be additional NBS-LRR phasiRNA loci but
ecause the chickpea genome annotation is not comprehensive,
e were unable to perform this analysis extensively.
Supplementary Table S1 related to this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.plantsci.
015.03.002.
Supplementary Table S2 related to this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.plantsci.
015.03.002.
PhasiRNA-generating loci are named phasi genes. We  found
everal phasi genes targeted by the typical 22-nt miRNAs such as
iR2118 and miR828 (two miR2118 target sites on Phas Ca6 1 [the
arget locus encodes NBS-LRR gene], miR828 site on Phas Ca4 4;
ables S1 and S2). As well, in a few other instances, 21-nt canon-
cal miRNAs such as miR156, miR393, miR5021 could trigger the7
5.
biogenesis of phasiRNAs (Table S1). Secondary siRNA biogenesis at
these loci is known in plants [3,38].
Besides targeting NBS-LRR genes, some of these miRNAs regu-
late the expression of other protein-coding genes. For instance, in
M. truncatula,  DCL2 genes are cleaved by the 22-nt miRNA miR1507
and produce secondary phasiRNAs [3]. In soybean, miR2118 tar-
gets GmSGS3a transcripts, one of the main enzymes involved
in TAS3-derived tasiRNA biogenesis [3]. Whether miR1507 and
miR2118 in chickpea also target these genes needs further analysis.
3.9. Prediction of putative targets for the chickpea miRNAs and
their conﬁrmation
miRNA functions can be deduced by identifying their targets
that function in speciﬁc biological pathways or processes. Plant
miRNA:target predictions are based on the near-perfect comple-
mentarily of miRNA sequences with their target mRNAs [17,35].
To predict mRNA targets for miRNAs in chickpea, we performed
BLAST searches of annotated transcripts using miRNA sequences
and allowing ≤3.5 mismatches [17]. Targets were predicted for
most of the conserved miRNAs in chickpea and included transcrip-
tion factors such as squamosa promoter binding (SBP) transcription
factors, MYB  transcription factors, TCP factors (teosinte branched
1, cycloidea, PCF [TCP]-domain protein family), NAC (NAM, ATAF,
and CUC) domain-containing transcription factors, ARFs, Nuclear
transcription factor Y (NF-Y) transcription factors, scarecrow-like
(SCL) transcription factors, apetala2 (AP2)-like transcription factors
and growth regulating factors (GRFs) [17] (Table 5). F-box proteins
involved in protein degradation are predicted targets for miR393
and miR394 in chickpea (Table 4). Argonaute 1-like for miR168,
plantacyanin and laccase for miR408, and ubiquitin-conjugating
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Fig. 5. Validation of conserved miRNA targets in chickpea using modiﬁed RACE assays. The alignments include messenger RNA and miRNA. The perfectly complementary
matches are indicated with straight lines, mismatches with colons, and G-U wobbles with a circle. The fraction shown in parenthesis is number of cloned products that
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terminated at the predicted cleavage site.
nzyme for miR399 are among the predicted targets [18] (Table 5).
e validated several conserved miRNA targets in chickpea by 5′
ACE assay (Fig. 5). Most of the miRNA-directed cleavages on
he target transcripts were found at the predicted cleavage sites
between nucleotides 10 and 11 from the 5′ end of the miRNA) [2].
hese targets include SPB factor (targeted by miR156), MYB  tran-
cription factor (targeted by miR159), ARFs (targeted by miR160),
CL1 (targeted by miR162), HD-Zip (targeted by miR164), Arg-
naute 1 (targeted by miR168), AP2 (target of miR172), F-box
rotein (target of miR393) and plantacyanin (targeted by miR408)
Fig. 5).
Interactions of plant miRNA families and target gene families
re often characterized as one miRNA family targeting one target
ene family, with only a few exceptions such as miR395 targeting
ulfate assimilation genes (APS) and a sulfate transporter (AST68)
r miR399 targeting phosphate transporter as well as UBC24 or
iR398 that targets Cu/Zn SODs and a CCS1 gene [9]. One common
heme in all these cases is that despite one miRNA targeting two
istinct target gene families, both target gene families function in
he same biochemical pathway [34]. In contrast, six distinct miRNA
amilies – miR1507, miR1509, miR1510, miR1515, miR2109, and
iR2118 – target only one target gene family (i.e., NBS-LRR genes
n legumes [2,3,12,13]) and several of these miRNAs have been
dentiﬁed in chickpea.
Several of the predicted targets for the conserved miRNAs are
hought or shown to function in regulating diverse developmental
rocesses. For instance, SPL transcription factors (miR156 targets)
egulate phase transition in plants, especially from the juvenile
o adult phase [39]. Surprisingly, miR156 levels were abundantlyexpressed in ﬂowers of chickpea. Such observations were noted
earlier in switchgrass and sorghum [20,22]. The conserved expres-
sion of miR156 in ﬂowers or inﬂorescence suggests additional but
yet-unidentiﬁed roles for this miRNA in plants. By targeting TCP fac-
tors, miR319 controls leaf morphogenesis in Arabidopsis [40]. Auxin,
a major plant hormone, regulates plant growth and development,
and a few components such as TIR1 (auxin receptor) and ARFs that
are part of the auxin signaling pathway are targets for different
miRNA families. miR393 targets mRNAs encoding TIR1 and other
closely related F-box proteins [17], and the transcripts of ARFs are
targeted by miR160 and miR167 [6].
3.10. Potential functions of chickpea small RNAs in nodulation
miRNAs in legumes function in nodulation as well [32,40–42].
miR169 regulates the meristem maintenance and bacterial release
in nodules by controlling the spatial distribution of the HAP2-1
transcription factor [43]. miR166 controls HD-ZIPIII expression,
which regulates meristem activity and vascular differentiation in
nodules [44,45]. Bradyrhizobium japonicum inoculation induced
the accumulation of miR393 in soybean roots, which suggests
an important role for this miRNA in nodulation [40]. Besides the
conserved miRNAs, other less-conserved miRNAs identiﬁed in
chickpea appear to play important regulatory roles in nodulation in
other legumes. For instance, in roots inoculated with the symbiotic
bacterium B. japonicum,  miR1511 targets transcripts encoding a
phosphatase 2C and is related to nodule development [42]. miR482
might play a role in nodulation by regulating NBS-LRR genes in
soybean, besides being involved in plant–pathogen resistance
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42]. Similarly, miR4416 in soybean is predicted to be associated
ith nodulation because it is highly expressed in nodules [46].
ikewise, miR1507 is nodulation-responsive [46]. Because most
HAS loci targeted by miR1507 and miR2118 encode NBS-LRR
esistance proteins, their role in disease resistance as well as
odular symbiotic interactions in legumes is expected. Taken
ogether, several miRNAs known to be involved in nodulation are
ound in chickpea. Identiﬁcation of several miRNAs in chickpea
hat play a role in nodulation in other legumes suggests that the
dentiﬁed miRNAs might play similar roles in chickpea.
. Conclusions
In summary, we identiﬁed 96 known miRNA homologs (38
iRNA families) in chickpea. Most importantly, we  uncovered the
ifferential abundance of miRNA variants or isoforms and differ-
nces in terms of the presence or absence of some of the miRNAs
hat target NBS-LRR genes in chickpea. Additionally, we  uncovered
0 novel miRNAs in 17 novel miRNA families in chickpea as well
s approximately 60 phasiRNA loci. Target genes for the conserved
iRNAs have been predicted and some validated. Thus, we provide
 better understanding of miRNA-guided posttranscriptional regu-
ation in chickpea and a good resource for the comparative analysis
f miRNA and phasiRNAs among legumes.
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